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Masticatory muscle activity during deliberately performed oral
tasks
Abstract
The aim of this study was to investigate masticatory muscle activity during deliberately performed
functional and non-functional oral tasks. Electromyographic (EMG) surface activity was recorded
unilaterally from the masseter, anterior temporalis and suprahyoid muscles in 11 subjects (5 men, 6
women; age = 34.6 +/- 10.8 years), who were accurately instructed to perform 30 different oral tasks
under computer guidance using task markers. Data were analyzed by descriptive statistics, repeated
measurements analysis of variance (ANOVA) and hierarchical cluster analysis. The maximum EMG
amplitude of the masseter and anterior temporalis muscles was more often found during hard chewing
tasks than during maximum clenching tasks. The relative contribution of masseter and anterior
temporalis changed across the tasks examined (F 5.2; p < or = 0.001). The masseter muscle was
significantly (p < or = 0.05) more active than the anterior temporalis muscle during tasks involving
incisal biting, jaw protrusion, laterotrusion and jaw cupping, the difference being statistically significant
(p < or = 0.05). The anterior temporalis muscle was significantly (p < or = 0.01) more active than the
masseter muscle during tasks performed in intercuspal position, during tooth grinding, and during hard
chewing on the working side. Based upon the relative contribution of the masseter, anterior temporalis,
and suprahyoid muscles, the investigated oral tasks could be grouped into six separate clusters. The
findings provided further insight into muscle- and task-specific EMG patterns during functional and
non-functional oral behaviors.
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Abstract  
Aim of this study was to investigate masticatory muscle activity during deliberately 
performed functional and non-functional oral tasks. Electromyographic (EMG) surface 
activity was recorded unilaterally from the masseter, anterior temporalis and suprahyoid 
muscles in eleven subjects (5 men, 6 women; age = 34.6 ± 10.8 years), who were 
accurately instructed to perform thirty different oral tasks under computer guidance using 
task markers. Data was analyzed by descriptive statistics, repeated measurements 
analysis of variance (ANOVA), and hierarchical cluster analysis. Maximum EMG amplitude 
of the masseter and anterior temporalis muscles were more often found during hard 
chewing tasks than during maximum clenching tasks. The relative contribution of masseter 
and anterior temporalis changed across the tasks examined (F ≥ 5.2; p ≤ 0.001). Masseter 
muscle was significantly (p ≤ 0.05) more active than anterior temporalis muscle during 
tasks involving incisal biting, jaw protrusion, laterotrusion, and jaw cupping, the difference 
being statistically significant (p ≤ 0.05). Anterior temporalis muscle was significantly (p ≤ 
0.01) more active than masseter muscle during tasks performed in intercuspal position, 
during tooth grinding, and during hard chewing on the working side. Based upon the 
relative contribution of masseter, anterior temporalis, and suprahyoid muscles, the 
investigated oral tasks could be grouped in six separate clusters. The findings provided 
further insight into muscle- and task-specific EMG patterns during functional and non-
functional oral behaviors. 
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Masticatory muscle activity during deliberately performed oral tasks 
Introduction 
The masticatory system is involved in functional activities such as chewing, drinking, 
swallowing, speaking, and breathing, but also in many other activities usually not required 
for common function. These oral activities are usually considered as non-functional and 
can be associated with sustained static and/or rhythmic contractions of the masticatory 
muscles (Moss et al  1987, Bader and Lavigne 2000, Kato et al  2001, Lavigne et al  2001, 
Winocur et al  2001a, Lavigne and Kato 2005, Farella et al  2005, Markiewicz et al  2006, 
Kato et al  2006, van der Bilt et al  2006, Chen et al  2007). Non-functional activities when 
awake can be either sustained, such as tooth clenching, abnormal mandible posture, lip or 
cheek biting, and leaning of the jaw on the hand, arm, telephone, bed, pillow etc., or 
rhythmical, such as tooth grinding and repetitive biting of nails, cuticles, pens, etc.; jaw 
play (i.e. unintentional repetitive small mandibular movements without tooth contact), tooth 
tapping, and rhythmic contractions of the jaw elevators without apparent mandibular 
movements (Widmalm et al  1995, Vanderas 1996, Winocur et al  2001a, Velly et al  2003, 
Sato et al  2006, van der Meulen et al  2006). Also during sleep, non-functional sustained 
and/or rhythmic contractions of masticatory muscles can occur in normal subjects and 
more frequently in so-called bruxers (Lavigne et al  2003). These behaviors have the 
potential of overloading the masticatory muscles, and therefore they have been often 
considered as causal factors for the development of myoarthropathies of the masticatory 
system (MAPs) and orofacial pain (Ramfjord 1961, Widmalm et al  1995, Glaros et al  
1998, Farella et al  2001, Winocur et al  2001a, Winocur et al  2001b, Huang et al  2002, 
Velly et al  2003, Glaros and Burton 2004, Chen et al  2007). 
Despite abundant electromyographic (EMG) studies on the activity pattern of masticatory 
muscles during chewing (Moller 1966, Moller 1974, Moller et al  1984, Wood 1987, van der 
Bilt et al  1995, Woda et al  2006, van der Bilt et al  2006), there is a paucity of studies on 
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masticatory muscle activity during other functional and non-functional oral tasks (Moss et 
al  1987, Gallo and Palla 1995, Markiewicz et al  2006, Kato et al  2006). Indeed, with the 
only exception of oral activities occurring during sleep, which can be reliably investigated 
by means of polysomnography (Lavigne et al  1996, Lavigne et al  2001), wake time non-
functional activities are hardly detectable in the natural environment, as they often occur 
without subject awareness (Markiewicz et al  2006, Kato et al  2006). Collection of oral 
tasks under standardized laboratory conditions might also be difficult for several reasons: 
(a) lack of knowledge of the meaning of specific terms referring to oral tasks (e.g. tooth 
clenching, grinding, tapping) particularly by persons not familiar with dental and/or 
anatomical terms; (b) subjective interpretation of task explanation and consequent 
variability of speed, amplitude and timing of jaw movements, particularly for rhythmic oral 
tasks; (c) delays in the onset, maintenance and cessation of scheduled tasks; (d) 
unverifiable performance of requested task during the experiment; and (e) arbitrary 
selection of EMG segments of interest for analysis. To overcome some of these problems, 
we developed a software for a computer-guided assessment of masticatory muscle activity 
during a multitask experiment. Aim of this study was to investigate the pattern of activity of 
the masticatory muscles during the performance of functional and non-functional 
deliberate oral tasks.  
 
Material and methods 
Subjects 
Eleven healthy subjects (5 men, 6 women; age = 34.6 ± 10.8 years) were recruited among 
the staff of the University of Zurich by means of local advertisements. The volunteers were 
carefully informed about the experimental procedures and signed an informed consent 
form. Subjects were recruited according to the following inclusion criteria: a) adult age (> 
18 yrs); b) pain-free active mouth opening larger than 40 mm (including overbite), 
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protrusion and laterotrusion larger than 7 mm; c) difference between active and passive 
opening ≤ 2 mm; d) willingness to participate in the experiments. The following conditions 
were considered as exclusion criteria: a) orofacial pain and/or myoarthropathies of the 
masticatory system, with the only exception of asymptomatic disk displacement with 
reduction; b) chronic (>3 month) pain conditions in neck or shoulder; c) periodontal 
diseases; d) removable dental prostheses; e) neurological or movement disorders; and f) 
habitual intake of drugs influencing central nervous system. Subjects were asked to report 
their preferred chewing side and later this was defined as the ipsilateral side of the 
experiment. Lacking a preferred side, the right side was chosen. 
Oral tasks 
In order to assess masticatory muscle activity during multiple deliberate oral tasks, we 
developed a stand-alone software (OTC: Oral Task Collector) written in Delphi™ 
(Borland®, Austin, TX, United, States) and working under Windows® operating systems. 
Since the software runs on most personal computers, it can also be used to train subjects 
outside the laboratory. The OTC displays instructions about oral task performance by 
means of explanatory text, still and animated images, audio and video files. Timing is 
given by countdown and progress bars, which facilitate the subject to be sharp with onset, 
maintenance, and cessation of each task. Couples of dual-tone multi-frequency sounds 
(DTMF) lasting 300 ms each are generated by the OTC at the beginning and the end of 
each oral task, acting as task definer and time markers for off-line analyses. During oral 
task collection, a video was synchronously recorded by a commercially available digital 
camera (QuickCam® Pro 9000, Logitech). Three movies showing examples of recorded 
tasks (i.e. chewing, grinding, and light clenching) are given in the supplementary material. 
The whole paradigm included thirty functional and non-functional oral tasks, generally 
accompanied by light to vigorous rhythmic or sustained contractions of the masticatory 
muscles. The oral tasks collected in this study included following activities: hard food 
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chewing, gum chewing, drinking water, swallowing saliva, reading aloud, yawning, 
coughing, deep breathing, teeth in intercuspal position with minimum contraction effort, 
mandibular rest position, tooth grinding on the canine, molar tapping, rhythmic clenching, 
static and rhythmic biting of an object between incisors, jaw play, lip biting, cupping of the 
jaw on the hand, holding the mandible protruded as well as laterotruded, and light 
clenching. Since some head movements are also associated with mandibular activity, also 
head flexion, extension, and yaw were assessed (Visscher et al  2000). Finally, maximum 
voluntary contraction in intercuspal position was recorded as reference activity. Specific 
instructions delivered to subjects during task performance are given in Appendix 1 as 
supplementary material. 
Unilateral oral tasks (i.e. chewing, grinding, head yaw, cupping of the jaw on the hand, and 
holding the mandible in laterotrusion) were performed both on the right and on the left 
side. The unilateral gum chewing task was performed using one piece of a commercial 
available gum (Spearmint, Migros, Zurich, Switzerland). The hard chewing task was 
performed using one piece (1 x 1 x 1 cm) of dried meat (Bündnerfleisch, Migros, Zurich, 
Switzerland). The biting tasks were performed on a hollow rubber tube (diameter = 6.3 
mm; thickness =1.5 mm).  
EMG equipment 
Muscle activity was recorded unilaterally from masseter, anterior temporalis, and 
suprahyoid muscles by means of self-adhesive pre-gelled disposable Ag-AgCl rectangular 
surface electrodes (20 x 15 mm, type 9013S0212, Alpine Biomed ApS, Skovlunde, 
Denmark). EMG signals were band-pass filtered (20-1000 Hz; -3dB) and amplified (5000×) 
by means of DISA 15C 01 (Disa Elektronik, Skovlunde, Denmark) with an input impedance 
of 250 MΩ, noise level of 0.7 µV, and a common mode rejection ratio of 100 dB. The 
amplifier output was connected to a notebook computer (Asus A6J, Intel Centrino Duo 
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T2300, RAM 1024 MB)  by means of a 4-channel USB analog data acquisition system (NI 
cDAQ-9172 and NI 9233, National Instruments Co, Austin, TX, USA).  
Procedure 
The entire experiment consisted of two sessions separated by three to seven days. During 
the first session, a clinician (MF) collected a brief questionnaire and examined the subjects 
to assess their eligibility. Eleven out of twelve eligible subjects were willing to participate. 
The study protocol was fully respectful of the requirements of Local Ethical Committee and 
of the principles of the Helsinki Declaration. 
Participants were extensively trained to perform the oral tasks. Care was taken to train the 
subjects for the assessment of maximum voluntary contraction. In addition to written 
explanations and images showing people during full clenching efforts, subjects were loudly 
encouraged to clench the teeth as strongly as possible. The subjects were then asked to 
train at home by running the OTC on their own computer at least three times. During the 
second session, the skin overlying the masseter, the anterior temporalis, the suprahyoid 
muscles, and the mastoid process of the ipsilateral side was rubbed vigorously by means 
of abrasive paste (Lubex peeling, Permamed AG, Therwil, Switzerland). Male subjects had 
been requested to shave accurately. Couples of surface EMG electrodes were placed 20 
mm apart along the main fibers direction of the masseter and on the anterior temporalis as 
in a previous study (Michelotti et al  1999). Suprahyoid muscle activity was recorded by 
placing one electrode 2 cm behind the cutaneous menton and 1 cm laterally to the 
midsagittal plane, and the other electrode 2 cm dorsally and 1 cm laterally to the first 
electrode. The reference electrode was attached to the skin overlying the mastoid process. 
Two round yellow markers (area = 0.5 cm2) were attached to the skin overlying glabella 
and pogonion in order to allow easier visual off-line detection of mandibular movements. 
The subjects sat in an upright position in front of the computer screen equipped with the 
camera, and the EMG electrodes were connected to the amplifier. During the following 20 
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minutes, subjects received audiovisual and written instructions by the OTC. Task 
sequences were randomized in order to avoid the occurrence of learning bias throughout 
the recordings. Sustained static and rhythmic oral tasks were set to last 5 and 15 sec, 
respectively. 
Rhythmic tasks performance was visually cued using animations showing 15 cycles of a 
single task (i.e. 1 Hz). All requested tasks were separated by rest intervals ranging from 3 
to 30 seconds, the length of each break depending on the amount of effort produced 
during each previous task. 
Data analysis and statistics 
The audio track with DTMF sounds and the three EMG signals were A/D-converted (24 bit) 
at 4096 Hz using custom made software (Labview Signal Express, National Instruments 
Co, Austin, TX, USA). The audio track was analysed using the windowed Short-Time Fast 
Fourier Transform (ST-FFT) applied to 1024 points with a 512-point sliding Hamming 
window. The resulting spectrum had a frequency band ranging from 0 to 2048 Hz, a 
frequency resolution of 4 Hz, and varied over time every 125 msec. DTMF task definers 
were automatically detected by custom-made software (Matlab 8.0, The Mathworks, 
Natick, Massachusetts, US) thus delimiting each EMG segment for subsequent analyses. 
EMG amplitude was calculated by root mean square (RMS) values of the raw EMG signals 
in 125 msec rectangular contiguous windows by Matlab™ (Matlab 8.0, The Mathworks, 
Natick, MA, USA). Mean amplitude values were used to estimate the muscle contraction 
level (de Luca 1997, Rau et al  2004), whereas the area under the amplitude curve were 
used to estimate the muscle work (Gallo et al  1999). For each EMG segment, peak EMG 
amplitude (EMGpeak: µV) was determined over the whole segment, whereas mean 
amplitude (EMGmean; µV) and EMG integral (EMGintegral; µV⋅s) were calculated over a 
central 3 sec portion (Figure 1). In this way, the estimates of EMG amplitude parameters 
were always obtained using the same time window for both static and rhythmic activities. 
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This window, for the rhythmic oral tasks, included approximately three activity bursts. 
Using this approach, the activity ramps indicating task onset and cessation were always 
discarded from analysis. EMGmean was then normalized to the EMGpeak value found 
throughout the whole task paradigm in each individual (EMG%max). EMGmean was also 
normalized to the EMGpeak value found during the maximum clenching task (EMG%mvc). 
To test how the different muscles and the tasks affected EMG signals, the outcome 
measures were modelled as a function of the factors involved in the experiment by means 
of a repeated measurements general linear model: subject (block: random factor), muscle 
(fixed factor), task (fixed factor) and their first order interactions. Post-hoc multiple 
comparisons were performed by means of Scheffé test (Scheffé 1953) and Bonferroni-
corrected paired t-tests. To elucidate the relative contribution of the different muscles to 
each task, a hierarchical cluster analysis was performed on EMGmean values using Ward’s 
method (Ward 1963). Statistical analyses were performed by means of SAS package 
(SAS 8.01, SAS Institute, Cary, NC, USA). Type I risk error for all statistical tests was set 
at 0.05. 
 
Results 
All subjects became quickly acquainted with the performance of the whole oral task 
sequence during home training. The correct performance of the paradigm could be 
checked by watching the video clips synchronized with EMG signals. The EMG recording 
session had to be repeated in one subject because the tooth grinding tasks had been 
shown to be incorrectly performed. The use of acoustic markers allowed automated 
extraction of all oral tasks performed. Examples of the extraction of EMG activities of the 
masseter muscle during various oral tasks are given in Figure 1. 
Maximum amplitudes 
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Highest EMGpeak values of the masseter muscles were found during ipsilateral hard 
chewing in six subjects, during ipsilateral gum chewing in three subjects, and during 
maximum clenching in the remaining two. Highest EMGpeak values of the anterior 
temporalis muscles were found during ipsilateral hard chewing in six subjects and during 
maximum clenching in the remaining five. Mean differences (%) of EMGpeak between the 
“ipsilateral hard chewing” and the “maximum clenching” task were -16.7% for masseter 
muscle and 3.0% for anterior temporalis muscle, the former being statistically significant 
(p<0.05). Highest EMGpeak values of the suprahyoids were found during yawning in five 
subjects, during ipsilateral hard chewing in four subjects and during ipsilateral gum 
chewing in the remaining two. In all subjects, the highest EMGintegral values for the jaw 
elevators and the suprahyoids were consistently found during maximum clenching and 
yawning tasks, respectively. 
Average amplitudes 
Average EMGmean values are illustrated in Figure 2, whereas descriptive statistics for 
EMGintegral values is given in Appendix 2 as supplementary material. EMGmean and 
EMGintegral obtained from each muscle in each subject were moderately to strongly 
correlated, with correlation coefficients r ranging from 0.94 to 1.00 (p<0.001) for the 
masseter muscle, from 0.93 to 1.00 (p<0.001) for the anterior temporalis, and from 0.54 to 
0.77 (p ≤ 0.003) for the suprahyoid muscles.  
Masseter and anterior temporalis muscles were minimally active (average EMG%max values 
< 3%) when the mandible was in rest position, while breathing deeply, coughing, reading 
aloud, with the head flexed and yawed. Differences between these activities were not 
statistically significant (p>0.05).  
Moderate activity levels (3% ≤ EMG%max ≤ 8%) of the jaw elevators were found when the 
teeth were in intercuspal position, during light clenching, drinking, head extension, grinding 
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on the contralateral canines, jaw laterotrusions, jaw play, jaw cupping, lip biting, 
swallowing, and yawning.  
For all other tasks, average EMG%max of jaw elevator muscles was always greater than 
8%. Masseter and anterior temporalis muscles were highly active (> 16%) during chewing, 
and rhythmical clenching. Suprahyoid muscles were always moderately active as average 
EMG%max values were above 8% during the whole task paradigm, except during head yaw, 
mandibular rest position, and while keeping teeth in intercuspal position. Average 
EMG%max of suprahyoid muscles showed less variability than that of masseter and anterior 
temporalis (Levene’s test; p<0.001).  
EMG relative amplitude obtained from the masseter and anterior temporalis muscles and 
normalized to the EMGpeak found during maximum clenching (i.e. EMG%mvc) was 
significantly higher (p<0.01) than EMG amplitude normalized to the EMGpeak found during 
the whole task paradigm (i.e. EMG%max). The comparison between the estimated activity 
values obtained using the two different normalization procedures is given in the Appendix 
3 as supplementary material.  
  
Activity patterns 
The relative activity of each elevator muscle changed across the tasks examined 
(interaction “muscle” × “oral task”: F ≥ 5.2; p ≤ 0.001). Mean relative activity differences 
(%) between the jaw elevators muscles are illustrated in Figure 3. EMG%max value of the 
masseter was higher than that of the anterior temporalis during oral tasks involving incisal 
biting (static and dynamic object biting) as well as jaw protrusion, contralateral 
laterotrusion, and jaw cupping, the difference being statistically significant (p ≤ 0.05). The 
EMG%max values of the anterior temporalis were higher than those of the masseter (p ≤ 
0.01) during tasks performed in intercuspal position (i.e. maximum clenching, rhythmic 
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clenching, molar tapping, teeth in intercuspal position), during ipsilateral canine grinding (p 
< 0.001), and during ipsilateral hard chewing (p < 0.001).  
Based upon the relative contribution of masseter, anterior temporalis, and suprahyoid 
muscles, the investigated tasks could be grouped into six different clusters (Figure 4). The 
first cluster included only maximum voluntary clenching: this task was accompanied by 
very high activity of the jaw elevators associated with moderate activity of the suprahyoids. 
The second cluster included only yawning: this was accompanied by the highest activation 
of the suprahyoid muscles associated with relatively low activity of the jaw elevators. Hard 
and gum chewing were grouped in a third cluster, in which in all muscles investigated had 
high activity. The fourth cluster included ipsilateral canine grinding, molar tapping, rhythmic 
clenching, and static incisal biting; these tasks were accompanied by a moderate 
activation of both jaw elevators and suprahyoids. The fifth cluster included jaw laterotruded 
and protruded positions, jaw play, coughing, reading, drinking, tooth grinding on the 
contralateral side, rhythmic incisal biting, and head flexion. These activities were either 
functional or non functional, and were characterized by very low activity of the jaw elevator 
muscles and by moderate activity of the suprahyoid muscles. The last cluster included the 
remaining functional and non functional tasks performed with low activity levels of all 
muscles.  
 
Discussion 
Maximum amplitudes 
The findings of our multitask experiment indicate that in about half of the subjects, highest 
peak EMG values were obtained during a hard chewing task, with differences being much 
more pronounced for the masseter than for the anterior temporalis. This is in contrast with 
the commonly accepted assumption that chewing forces are generally much lower than 
those obtained during maximum clenching efforts (Gibbs et al  1981, Mericske-Stern et al  
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1992), but it is consistent with the results of a previous study (Proeschel and Morneburg 
2002) showing that the EMG activity/bite-force ratio is influenced by the type of muscle 
activity (i.e. dynamic vs. static). In other words, to produce the same amount of force, more 
EMG activity is needed during chewing than during isometric biting. This observation 
questions the validity of the use of masticatory muscle EMG values to infer on actual bite 
force values during chewing. 
A number of factors can help to explain higher peak EMG values during strong rhythmic 
contractions than during maximum clenching. Firstly, it has been shown that the 
recruitment strategy of motor units is influenced by the speed of the force ramp used for 
the contraction (Desmedt and Godaux 1977). During brisk contractions of the masseter 
muscle, for instance, the activation threshold of each masticatory motor unit is lower than 
the one necessary for the same motor unit to be activated during a slowly rising force ramp 
(Desmedt and Godaux 1978). Furthermore, during brisk contraction, motor unit discharge 
frequencies are much higher than in the same motor units at slow force ramps. Hence, the 
brisk contractions, such as those of the chewing tasks investigated in the present study, 
have a characteristic patterning of motor command (Desmedt and Godaux 1979), which in 
turn can result in a mechanical and electrical summation and superposition of the motor 
units, and finally, in higher EMG peak amplitude levels.  This effect might be strengthened 
by common synaptic drive originating from the central pattern generator (CPG) during 
chewing strokes, resulting in a more marked and topographically extensive 
synchronization between masticatory motor units than during maximum clenching. 
Evidence of synchronization between motor units has been previously found during 
rhythmic contractions of lower limbs such as treadmill walking (Hansen et al  2001), but so 
far no study has ever investigated synchronization of masticatory motor units during 
rhythmic contractions. The hypothesis of a different amount of motor unit synchronization 
during sustained and rhythmic contractions of the masticatory muscles may be 
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investigated in future studies by using either surface EMG grids or fine wire intramuscular 
EMG electrodes. 
Secondly, it has been shown that motor unit territories in the human jaw muscles are 
focally distributed in deep and superficial anatomical compartments (van Eijden and 
Turkawski 2001), providing an anatomical substrate for task-dependent regional 
contractions (McMillan and Hannam 1992, Blanksma and van Eijden 1995, Blanksma et al  
1997). During static and rhythmic contractions, masticatory muscle compartments are 
heterogeneously activated, with differences being reflected in the EMG signals recorded 
by means of surface electrodes (Hylander and Johnson 1989). This heterogeneous 
activation may represent an additional or an alternative explanation for the highest EMG 
amplitude values found during hard chewing in the present study.   
Thirdly, during chewing activity, it can be expected that in anticipation of food resistance, 
preprogrammed additional masticatory activity (AMA) is generated (Ottenhoff et al  1992). 
AMA is modulated by peripheral feedback as well as from the movement speed (Ottenhoff 
et al  1992, van der Bilt et al  1995, Schindler et al  1998, van der Bilt et al  2006). The 
dried meat used for the chewing task of the present experiment was very tough, and 
subjects were extensively trained to chew at a given constant rhythm (i.e. 1 Hertz). It is 
likely that under these circumstances AMA was highly pronounced, thus exceeding that 
required for a maximum voluntary clenching effort. 
Finally, low peak EMG activity during maximum clenching effort may also result from the 
fear of tooth breaking and/or pain, acting as negative feedback for the performance of 
maximum voluntary effort (van Steenberghe and de Vries 1978). In this respect, it is 
interesting to observe that the recorded values of maximum bite force levels assessed 
over repeated trials tend to increase gradually, as the individual becomes more confident 
across consecutive efforts (Bakke 1993). To overcome this problem, we selected all 
subjects with sound dentition, free from any orofacial pain condition.  
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In EMG studies of the masticatory muscles, peak values recorded during maximum 
voluntary clenching are commonly used as a reference for signal normalization (Hosman 
and Naeije 1979, Hagberg and Hagberg 1988). The findings of this study, however, 
indicate that the normalization procedure used for the assessment of EMG amplitudes has 
a significant impact on the subsequent estimates of muscle activation levels, particularly 
for the masseter muscle. Future studies are needed to further investigate this issue, and to 
determine the most appropriate reference task to be used for investigation of rhythmic and 
sustained activities of the masticatory muscles. 
 
Average amplitudes 
As expected, average EMG amplitudes values varied considerably across the different 
tasks examined. Since EMGrms and EMGintegral were strongly correlated, subsequent 
analysis were mostly focused on EMGrms or EMG%max values. To the best of our 
knowledge, very few studies investigated activity of the masticatory muscles during 
numerous functional and non functional oral tasks (Markiewicz et al  2006, Kato et al  
2006). For these reasons, our findings can be only partially compared to the literature. 
Whereas mean activity levels of all muscles investigated were generally highest during 
chewing and several non-functional deliberate tasks (i.e. static and dynamic incisal biting, 
rhythmic clenching, molar tapping), the jaw elevator muscles were only slightly active 
during most other functional tasks such as rest position, deep breathing, reading aloud, 
coughing, drinking, and with the only exception of the head extended position, also in the 
other head positions. During deep breathing, reading aloud, coughing, and drinking, the 
suprahyoid muscles were more active than jaw elevator muscles, suggesting that they are 
principally responsible for the small mandibular movements occurring during these 
activities. 
Activity patterns 
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Although in the majority of oral tasks the masseter and anterior temporalis were equally 
activated, the relative contribution of these muscles differed markedly across tasks (Figure 
3). More specifically, the masseter was more active than the anterior temporalis during 
tasks involving incisal biting (static and dynamic object biting), and while keeping the jaw 
protruded or laterotruded to the contralateral side. Conversely, the anterior temporalis was 
more active than the masseter during clenching at different force levels (maximum 
clenching, rhythmic clenching, and intercuspal position), during rhythmic functional and 
non functional activities accompanied by lateral mandibular shift, such as chewing and 
tooth grinding. Activity levels of masseter and anterior temporalis, however, were rather 
balanced during hard chewing on the contralateral side (Moller 1966).  
The cluster analysis suggests that only a limited number of distinct oral tasks (i.e. 
clenching, chewing, and yawning) are associated with specific levels of masticatory 
muscle activity. In all other cases, the EMG patterns of various functional and non 
functional oral tasks were overlapping to some extent. It could be noticed that the 
suprahyoid muscles add valuable information for task clustering, which can be used with 
more advanced classification analysis. 
Due to the large amount of data, the analyses of the present study have been limited to 
EMG activity peaks and amplitudes averaged across each task. This approach has 
obvious limitations, since these parameters can be influenced by many factors including 
electrode positioning, interelectrode distance, and the filtering effect of skin overlying 
muscles (de Luca 1997). Furthermore, EMG activity during rhythmic contractions have a 
characteristic motor pattern (Desmedt and Godaux 1978) and can be also influenced by 
other factors such as ranges of joint angle and/or muscle length, rate of rise of force, 
velocity of shortening or lengthening. For these reasons, quantitative evaluation of 
rhythmic masticatory muscle activity recorded during different jaw tasks needs to be 
interpreted with caution, particularly in relation to sustained static activity. Additional 
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information can be obtained from the analysis of EMG timing and phases. In this respect, it 
was previously shown that by the combined use of mean amplitude and dynamics of EMG 
masseter and anterior temporalis signals, it was possible to achieve good discrimination 
among several functional and non functional activities (Gallo and Palla 1995, Gallo et al  
1998).  
The unbalanced activation of jaw elevator muscles for certain oral tasks is in agreement 
with previous reports (Hellsing and Lindstrom 1983, Blanksma and van Eijden 1995, 
Blanksma et al  1997, van der Bilt et al  2006) and might have relevant clinical 
implications, as it might explain the particular location of muscle tenderness sites in 
patients reporting specific parafunctional habits. 
A limitation of the present study was the small sample size investigated that for instance 
does not allow gender comparisons. In spite of this limitation, however, our exploratory 
analysis led to interesting results that might be useful in future hypothesis testing.  
For the present investigation, we developed a software package for the computer-guided 
assessment of masticatory muscle activity during multitask experiment. Using sound 
markers it was possible to automatically extract the EMG signals related to each specific 
task and to obtain synchronized EMG/video clips. Although the proposed approach was 
specially developed to investigate functional and non-functional oral tasks, we believe that 
it can be extended also to other EMG investigations (or other biomedical signals) during 
multitask experiments in general, involving other muscles or muscle groups. 
Finally, we would like to stress that functional and non-functional oral tasks investigated in 
the present study have been performed under strongly computer controlled and 
standardized conditions. Although this approach has strong inherent advantages, 
deliberate oral tasks as performed in these experiments may somehow differ from 
spontaneous activities occurring in the natural environment. In this respect, the use of 
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portable EMG recorders will provide us with further insight into masticatory muscle 
behavior. 
 19
Supplementary material 
 
Appendix 1. Details about tasks collected. 
Appendix 2. Descriptive statistics of EMGintegral for tasks collected. 
Appendix 3. Comparison between EMG%max and EMG%mvc amplitudes for tasks collected. 
 
Movie 1. Chewing. 
Movie 2. Grinding. 
Movie 3. Clenching. 
Movie 4. Incisal biting. 
Movie 5. Drinking. 
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Figure legends 
 
Figure 1: Extraction examples of EMG segments corresponding to a sustained (A) and a 
rhythmic (B) task, by the use of acoustic task markers. For each EMG segment, mean 
amplitude and integral were calculated over a central 3 sec portion. 
 
Figure 2: Mean amplitude of EMG activity obtained from the masseter, anterior temporalis 
and suprahyoid muscles during the investigated tasks. The length of each column 
indicates the average (n=11), whereas the error bar indicates the upper 95% confidence 
limit.  
 
Figure 3: Relative activation of the masseter and anterior temporalis muscles as a function 
of the different tasks. Dots represent mean difference (n=11) between the two muscles, 
whereas error bars indicate the lower and upper 95% confidence limits.  
 
Figure 4: Three dimensional scatter plot of EMG mean amplitude of the masseter, anterior 
temporalis, and suprahyoid muscles during all requested tasks. Based upon the relative 
activation of each muscle, all the tasks could be grouped in six different clusters. For each 
cluster, the centroid and the probability ellipsoid corresponding to one standard deviation 
was represented.  The cluster contained the following tasks types: (1) = maximum 
voluntary clenching; (2) = yawning; (3) = hard and gum chewing tasks; (4) = ipsilateral 
canine grinding, molar tapping, rhythmic clenching, static incisal biting; (5) = jaw 
laterotruded and protruded positions, jaw play, coughing, reading, drinking, tooth grinding 
on the contralateral side, rhythmic incisal biting, head flexion; (6) = all the other oral tasks. 
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Appendix 1. Detailed description of tasks investigated 
 
Canine grinding These tasks consisted of rhythmic tooth grinding on the ipsilateral (IPS) and 
contralateral (CNT) canines. The jaw was initially in intercuspal position, then 
the canines slid gradually to an edge-to-edge position, and again they went 
back to the intercuspal position. Subjects were asked to rub canines making 
and audible noise. A demonstrative movie was used to explain the task and to 
provide timing during performance.   
Coughing Subjects were asked to cover their mouth and then to cough repetitively in a 
way similar to when they are sick. Coughing had to be clearly audible.  
Deep breathing Subjects were asked to breathe deeply, while keeping the mouth slightly open 
and while repetitively inflating and deflating their chest. A movie was used to 
show timing and the required amount of chest inflation.  
Drinking water This task consisted of drinking 2 dl of tap water from a standard plastic cup. 
Subjects were requested to drink slowly, but did not receive any timing 
reference for swallowing     
Gum chewing  This task consisted of chewing a standard piece of gum (Spearmint, Migros, 
Zurich, Switzerland; weight = 2 g) on the ipsilateral (IPS) and contralateral 
(CNT) side. For each side, a different gum was used. An animation was used 
to give a constant chewing rhythm during task performance. 
Hard chewing This task consisted of chewing a standard piece (1 × 1 × 1 cm) of dried meat 
(Bündnerfleisch, Migros, Zurich, Switzerland) on the ipsilateral (IPS) and 
contralateral (CNT) side. For each side a different piece of meat was used. An 
animation was used to give a constant chewing rhythm during task 
performance. 
Head extended Subjects were asked to fully extend the head and then to keep that position 
until an acoustic marker indicated task end. The requested head position was 
shown by a picture. 
Head flexed Subjects were asked to flex the head until touching the sternum with the chin 
and to keep the position until an acoustic marker indicated task end. The 
requested head position was shown by a picture. 
Head yaw Subjects were asked to turn the head about 90° to the ipsilateral (IPS) and 
contralateral (CNT) side and then to keep that position until an acoustic marker 
indicated task end. The requested head position was shown by a picture. 
Incisal biting 
dynamic 
This task consisted of rhythmically biting on a hollow rubber tube (diameter = 
6.3 mm; thickness =1.5 mm). The tube was placed between upper and lower 
central incisors in an edge-to-edge position on the midsagittal plane. The biting 
effort had to be sufficient to collapse the tube. A demonstrative movie was 
used to explain the task and to provide timing during performance.   
Incisal biting static This task was similar to the previous one; however, the biting effort was kept 
constant throughout the whole task. 
Intercuspal position Subjects were asked to start from a slightly opened-mouth position, then to 
close the lips without tooth contact, and finally to keep the molar teeth in slight 
contact with minimum contraction effort. A demonstrative movie was used for 
explanation. 
Jaw cupping Subjects were asked to place the elbow on the desk, and then to lean their jaw 
with teeth in contact on the ipsilateral and contralateral hand, using the whole 
weight of their head. The requested task was shown by a picture. 
Jaw laterotruded This task consisted of keeping the mandible deflected to one side without tooth 
contact in a position where the ipsilateral canines were edge-to-edge. The 
mandible was kept firm ipsilaterally and contralaterally to the recoding side. 
The requested task was shown by a picture. 
Jaw play This task consisted of repetitive jaw movements while bringing the mandible to 
the right and to the left side, alternatively, taking care to avoid tooth contact. 
The excursion was performed to canine edge-to-edge positions. An example 
 
 
 
movie was used to explain the task and to provide timing during performance.   
Jaw protruded This task consisted of a sustained jaw protrusion without tooth contact. The 
excursion was performed to an incisor edge-to-edge position. The requested 
task was shown by an animation. 
Light clenching Subjects were asked to keep the molars in contact and then to exert a “light” 
sustained clenching effort.  
Lip biting This task consisted of placing the midportion of the lower lip between upper 
and lower incisors and then exerting a sustained gentle bite. The requested 
task was shown by a picture. 
Maximum clenching Subjects were asked to clench the teeth as strong as they could. They were 
reassured and verbally encouraged to produce the maximum possible force 
output. 
Molar tapping Subjects were asked to tap the molars repetitively starting from a slightly 
opened-mouth position (about 10 mm) at a given rhythm. Tooth sounds due to 
contact had to be clearly audible. A demonstrative movie was used to explain 
the task and to provide timing during performance.   
Reading aloud This task consisted of reading aloud a standard English text.  
Rest position Subjects were asked to keep the teeth slightly apart with lip closed, while 
maintaining the jaw relaxed and the tongue still.  
Rhythmic clenching Subjects were asked to put their fingers over the cheeks and to perform 
several clenching efforts. In this way, they could feel jaw muscles becoming 
tense and bigger. Then they were requested to clench rhythmically while 
keeping the mouth closed with the molars in contact. A demonstrative 
animation was used to explain the task and to provide timing during 
performance. 
Swallowing saliva Subjects were asked to gather the saliva currently present in the mouth and 
then to swallow it one or more times, as appropriate.   
Yawning Subjects were asked to think of being weary, and then to yawn in a maximum 
opening jaw position, keeping the mandible still in that position until task 
cessation.   
Appendix 2: EMGintegral (microvolt⋅s). 
Masseter Anterior Temporalis Suprahyoid
Task Mean Q25 Q50 Q75 Mean Q25 Q50 Q75 Mean Q25 Q50 Q75
Canine grinding CNT 373.8 212.3 270.7 548.9 543.3 301.3 476.1 662.4 665.1 82.8 402.0 1065.0
Canine grinding IPS 481.6 196.5 321.9 713.0 1178.4 461.1 827.9 1772.4 593.3 113.3 368.8 856.9
Coughing 138.7 98.8 131.0 178.2 211.0 112.2 197.5 239.6 601.2 457.0 538.9 908.0
Deep breathing 84.4 55.3 72.1 116.8 98.4 83.3 92.6 97.8 264.1 156.9 304.0 365.3
Drinking water 241.9 176.9 217.7 350.2 204.4 119.7 150.8 242.3 932.6 667.4 925.2 1422.8
Gum chewing CNT 1476.1 1064.3 1207.6 1941.7 2330.3 1719.6 2192.7 2787.6 1032.9 747.1 979.6 1163.7
Gum chewing IPS 2735.5 1850.5 2114.1 3479.3 3010.1 2174.4 2959.9 3916.2 1059.5 503.9 1015.7 1641.9
Hard chewing CNT 2367.4 1320.5 1857.8 3257.8 2619.6 1940.9 2739.2 3547.1 1215.9 445.7 1116.9 2129.1
Hard chewing IPS 2882.5 1926.7 2294.6 3359.5 3564.2 2243.2 3544.9 4499.0 1198.4 736.2 1130.8 1930.6
Head extension 298.1 119.7 272.6 312.3 323.0 157.2 229.3 544.4 278.3 94.7 256.8 436.4
Head flexion 75.8 53.4 66.5 83.0 152.6 96.1 107.9 213.8 501.5 359.0 457.8 761.3
Head yaw CNT 138.6 97.4 139.4 174.9 153.2 113.2 145.9 168.6 173.1 92.8 189.9 269.6
Head yaw IPS 164.3 115.4 153.2 224.7 238.3 161.4 194.5 213.9 187.3 88.5 208.1 246.4
Incisal biting DYN 976.7 686.1 831.4 1372.6 364.9 143.6 317.8 644.4 574.6 227.8 439.9 904.7
Incisal biting STAT 1829.4 1439.0 1672.4 2514.7 584.1 111.7 243.6 1048.6 714.7 296.8 627.1 1169.7
Intercuspal position 200.1 61.7 111.4 173.6 570.1 162.2 296.0 765.1 150.2 71.5 143.8 236.0
Jaw cupping CNT 408.2 84.1 123.0 937.6 217.3 118.5 181.6 272.4 399.2 212.7 357.1 695.6
Jaw cupping IPS 246.0 73.3 103.8 235.1 153.3 97.8 135.8 192.9 340.7 195.6 284.7 542.5
Jaw laterotrusion CNT 472.1 133.4 358.3 624.8 141.4 75.1 119.2 150.0 623.9 171.7 533.6 1096.1
Jaw laterotrusion IPS 203.8 103.8 149.7 247.2 375.7 240.3 284.5 643.6 499.8 163.0 472.9 815.8
Jaw play 273.6 186.5 246.1 320.0 260.3 152.0 199.7 376.2 632.0 168.2 637.2 1052.4
Jaw protrusion 674.0 171.8 228.5 1098.9 240.2 85.8 95.7 192.5 416.2 195.2 373.8 569.7
Light clenching 419.6 148.3 208.0 332.8 585.2 234.4 412.0 579.0 198.9 109.7 151.4 327.3
Lip biting 345.4 90.8 99.5 623.5 253.9 78.6 162.6 248.2 226.0 92.0 246.0 334.9
Maximum clenching 6607.2 3886.8 5422.6 11047.7 8380.7 7256.0 8260.6 11732.6 1101.4 456.7 698.6 2003.6
Molar tapping 906.5 249.9 785.7 1520.4 1640.0 791.0 2081.6 2233.2 492.2 135.8 431.9 810.7
Reading aloud 211.6 152.1 183.1 260.0 163.1 122.4 159.0 172.7 655.3 156.0 780.1 961.6
Rest position 22.7 16.1 22.1 29.0 58.6 35.2 55.6 82.2 61.4 22.9 29.4 125.2
Rhythmic clenching 1604.3 951.5 1332.9 2059.5 2509.9 1208.9 2814.0 3939.6 237.4 170.3 255.8 317.6
Swallowing saliva 1564.3 1018.9 1781.2 1887.0 2230.8 1124.0 2372.9 3280.9 473.6 388.2 455.1 628.3
Yawning 307.7 200.9 319.2 386.9 424.1 257.2 304.7 561.6 1757.2 878.2 1487.2 2441.2
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